We have previously reported the levels of water-soluble vitamins in the blood and urine of Japanese young adults. In the present paper, to assess the variations in these water-soluble vitamin markers during the above experiment, we comprehensively determined the intra-and inter-individual variations of blood and urinary water-soluble vitamins to exactly the same amount of water-soluble vitamin intakes in the same experiment. The blood samples before breakfast and the 24-h urine samples were periodically collected from Japanese college male ( n ϭ 10) and female ( n ϭ 10) students consuming a semi-purified diet with water-soluble vitamins based on Japanese Dietary Reference Intakes for 7 d, and the intra-and inter-individual variations of blood and urinary water-soluble vitamins or their metabolites in blood and urine samples after adaptation were calculated. Although urinary excretion of vitamin B 12 and vitamin C showed high intra-individual variations in both males and females, other urinary vitamins and all blood vitamins showed less than 20% of within-subject coefficients of variance in either male or female. Those showing more than 20% of between-subject coefficients of variances in both male and female were blood vitamin B 6 , vitamin B 12 and folate levels, and urinary vitamin B 1 , vitamin B 2 , vitamin B 12 , nicotinamide metabolites, pantothenic acid, biotin and vitamin C. These results showed that oral administration of constant of water-soluble vitamins generally decreased intra-individual variation, while individual differences in urinary vitamin excretion were observed. Key Words water-soluble vitamins, blood, urine, human study A decrease of the vitamin contents in the body causes a vitamin deficiency, and vitamin levels in blood and urine are low in that state. The concentration of nutrients is well controlled in healthy people, and their blood and urinary water-soluble vitamin levels are kept constant. Therefore, water-soluble vitamin contents in blood and urine are used to assess their status, and these indicators have also been used for estimating dietary reference intakes (DRIs) in the USA and Japan ( 1 , 2 ). The use of valid nutritional markers for watersoluble vitamins is helpful to evaluate one's nutritional status for the vitamins, and further assessment of water-soluble vitamin levels in blood and urine is important to use as more established nutritional markers. To determine water-soluble vitamin levels in the blood and urine of Japanese subjects, we have previously reported those values obtained from the last day of experiments in Japanese young adults consuming a semi-purified diet based on the Japanese Recommended Dietary Allowance for 7 d ( 3 ). Although the subjects took exactly the same amount of vitamins for consecutive 7 d and followed the same schedule through the experiment, their water-soluble vitamin contents in blood and urine were different by individual ( 3 ). It is well known that these biomarkers show some individual differences; however, how individuals respond and adapt to a constant level of water-soluble vitamin intake remains to be clarified. One of methods giving us the answer to these questions is to investigate variability in water-soluble vitamin markers during the experiment, and new findings will also contribute to the understanding of those biomarkers for effective use. In particular, determination of the intra-and inter-individual variations of biomarkers will be required to estimate the representative values in individuals and the mean values in the group. We have shown only the data obtained on the last day of the experiment in the previous report ( 3 ), but we also periodically collected blood and 24-h urine samples from the subjects in the same experiment. In this report, thus, we comprehensively determined the intra-and inter-individual variations of blood and urinary water-soluble vitamins in Japanese young adult consuming a semi-purified diet for 7 d.
A decrease of the vitamin contents in the body causes a vitamin deficiency, and vitamin levels in blood and urine are low in that state. The concentration of nutrients is well controlled in healthy people, and their blood and urinary water-soluble vitamin levels are kept constant. Therefore, water-soluble vitamin contents in blood and urine are used to assess their status, and these indicators have also been used for estimating dietary reference intakes (DRIs) in the USA and Japan ( 1 , 2 ) . The use of valid nutritional markers for watersoluble vitamins is helpful to evaluate one's nutritional status for the vitamins, and further assessment of water-soluble vitamin levels in blood and urine is important to use as more established nutritional markers. To determine water-soluble vitamin levels in the blood and urine of Japanese subjects, we have previously reported those values obtained from the last day of experiments in Japanese young adults consuming a semi-purified diet based on the Japanese Recommended Dietary Allowance for 7 d ( 3 ). Although the subjects took exactly the same amount of vitamins for consecutive 7 d and followed the same schedule through the experiment, their water-soluble vitamin contents in blood and urine were different by individual ( 3 ) . It is well known that these biomarkers show some individual differences; however, how individuals respond and adapt to a constant level of water-soluble vitamin intake remains to be clarified. One of methods giving us the answer to these questions is to investigate variability in water-soluble vitamin markers during the experiment, and new findings will also contribute to the understanding of those biomarkers for effective use. In particular, determination of the intra-and inter-individual variations of biomarkers will be required to estimate the representative values in individuals and the mean values in the group. We have shown only the data obtained on the last day of the experiment in the previous report ( 3 ), but we also periodically collected blood and 24-h urine samples from the subjects in the same experiment. In this report, thus, we comprehensively determined the intra-and inter-individual variations of blood and urinary water-soluble vitamins in Japanese young adult consuming a semi-purified diet for 7 d.
MATERIALS AND METHODS
Subjects. Healthy Japanese college students, consisting of 10 males and 10 females, participated in the experiment. This experiment was the same as shown in the previous report ( 3 ) . The mean ( Ϯ SD) age, height, weight and BMI of the male subjects were 20.4 Ϯ 1.3 y, 1.73 Ϯ 0.07 m, 61.4 Ϯ 7.5 kg, and 20.5 Ϯ 2.2 kg/m 2 , respectively, and those of the female subjects were 20.7 Ϯ 0.7 y, 1.64 Ϯ 0.04 m, 54.2 Ϯ 3.4 kg, and 20.1 Ϯ 1.3 kg/m 2 , respectively. Prior to the experiment, they had physical checkups, and their hematological and blood biochemical analysis showed normal values. This study was reviewed and approved by the Ethical Committee of the National Institute of Health and Nutrition.
Diet and experimental design. All subjects were housed in the same facility during the experiment. The experimental design is described in a previous paper ( 3 ). The subjects took a semi-purified diet based on Japanese DRIs and a vitamin mixture during the experiment ( 4 ). The diet consisted of wheat flour, gluten, cornstarch, sucrose, soybean oil, rapeseed oil, lard, soluble dietary fiber, insoluble dietary fiber and mineral mixture, and The urine samples named "day 1" were collected from the second urine on day 1 to the first urine on day 2, and "day 7" from the second urine on day 7 to the first urine on day 8. After the volumes of the urine samples had been measured, the collected urine samples were immediately treated to avoid destruction of watersoluble vitamins, and then stored at Ϫ 20˚C until needed. The blood was taken from a cubital vein at 08:30 on days 1, 3, 5 and 8 in males, and days 1, 3 and 8 in females before breakfast, treated immediately to avoid destruction of water-soluble vitamins, and stored at Ϫ 20˚C until needed.
Chemicals. All other chemicals used were of the highest purity available from commercial sources.
Determination of vitamins and their metabolites in blood and urine.
Vitamin B 1 : Vitamin B 1 content in whole blood was determined as the sum of thiamin, TMP and TDP. Urinary thiamin and blood vitamin B 1 were determined by the HPLC-post labeled fluorescence method ( 7) .
Vitamin B2: Riboflavin, flavin mononucleotide (FMN) and flavin adenine dinucleotide (FAD) in whole blood were converted to lumiflavin by photolysis, and lumiflavin was determined as vitamin B2 by the HPLC method (8) . Urinary riboflavin was determined by the HPLC method (9) .
Vitamin B6: Plasma PLP was determined by the HPLC method (10) . For analysis of 4-PIC, a metabolite of pyridoxal, 1 mL of 1 mol/L HCl was added to 9 mL urine. Urinary 4-PIC was determined by the HPLC method (11) .
Vitamin B12: Serum vitamin B12 was determined by using a fully automated chemiluminescence analyzer. Urinary vitamin B12 was converted to cyanocobalamin by boiling with potassium cyanide at acidic pH (12) . Cyanocobalamin in urine was determined by the microbioassay method using Lactobacillus leichmanii, ATCC 7830 (12) .
Niacin: NAD and NADP in whole blood were converted to nicotinamide by autoclave, and nicotinamide was determined by the HPLC method (6). Urinary 2-Py, 4-Py and MNA, nicotinamide metabolites, were determined by the HPLC method (6, 13) , and the sum of these compounds was determined as nicotinamide metabolites.
Pantothenic acid: Bound pantothenic acid such as CoA and pantetheine in whole blood was digested to free form by alkaline phosphatase and liver amidase. Pantothenic acid in blood and urine were determined by the microbioassay method using Lactobacillus plan-tarum ATCC 8014 (14) .
Folate: Serum folate was determined by an automated method based on the competitive protein-binding assay using an automated chemiluminescence analyzer. Urinary folate was determined by the microbioassay method using Lactobacillus casei ATCC 2733 (15) .
Biotin: Serum and urinary biotin were determined by the microbioassay method using Lactobacillus plantarum ATCC 8014 (16) .
Vitamin C: Total ascorbic acid in serum was determined by an HPLC-UV method (17) . Ascorbic acid in urine was determined by the 2,4-dinitrophenylhydrazine method (18) .
Statistical analysis. All statistical analysis was performed using a computer program, GraphPad Prism version 4.03 (GraphPad Software, San Diego, CA, USA). The significant differences in the values from the first to last day of experiments were tested by using repeated one-way analysis of variance with Tukey-Kramer multiple-comparison tests. The differences of pϽ0.05 were considered to be statistically significant. Intra-and inter-individual variations were calculated with analysis of variance, using the data on the last 2 blood and last 3 urine collections. We also calculated the number of blood and urine sample collections required to estimate the true blood and urine levels within 10 and 20% of their true mean with a 95% confidence interval, using following formula (19) :
where nϭthe number of the days needed per subject, Z␣ϭ1.96, CV W ϭthe within-subject coefficient of variation (%), and D0ϭthe specific degree of error as a percentage of long-term true level (10% or 20%). Spearman's rank correlation coefficients were calculated to evaluate the relation between water-soluble vitamin contents in blood and urine collected on the last day of experiments. All analyses were conducted separately for males and females.
RESULTS
A total of 40 blood and 70 daily urine samples were collected from male subjects, 30 blood and 70 urine samples were from female subjects, and these samples were measured.
Vitamin B1
The alteration of blood vitamin B1 as the sum of thiamin, TMP and TDP, and urinary excretion of thiamin are shown in Fig. 1 . Intake of 1.2 mg/d of thiamin chloride increased blood vitamin B1 from the third day in male subjects, and those values were not changed in female subjects. Urinary excretion of thiamin did not alter during the experiment in either male or female subjects. Using the data on the last 2 blood and last 3 urine samples, the within-subject coefficient of variance (CVWS) and between-subject coefficient of variance (CVBS) in blood vitamin B1 and urinary thiamin levels after adaptation were determined. CVWS in blood vitamin B1 was 15.8 and 21.7% in male and female subjects, respectively, showing relative invariability (Table  1) . These values in urinary excretion of thiamin were relatively invariable in male subjects (CV WS ϭ14.4%), and relatively variable in female subjects (CV WS ϭ 29.4%, Table 2 ). CV BS in urinary thiamin was higher than 50% in female subjects (CVBSϭ62.9%). This high variability is due to one subject whose urinary thiamin was highest during the experiment, twice higher than the mean value. We also determined the number of sample collections required to estimate true levels within errors of 10 and 20%. The number of blood sample collection within 10% was 10 and 19 d in males and females, respectively, and those of urine sample collections were 9 and 34 d. No correlation was observed between blood and urinary levels in vitamin B1.
Vitamin B2
Alterations of blood vitamin B2 as the sum of riboflavin, FMN and FAD, and urinary excretion of riboflavin during the experiments are shown in Fig. 2 . Blood vitamin B2 and urinary riboflavin did not change throughout the experiments. CVWS and the CVBS in blood vitamin B2 level were approximately 10% in male and female subjects, showing invariability (Tables 1 and 2) . The values in urinary excretion of riboflavin was invariable in males (CV WSϭ10.6%), but was variable in female subjects (CVWSϭ38.7%). Although CVBS in blood vitamin B2 was low, that in urinary riboflavin was high, especially in male subjects (CVBSϭ100.6%). This high variability in male subjects is due to broad values; the highest urinary riboflavin was 8 times higher than the lowest. To estimate the true blood and urine levels within an error of 10%, 3-4 and 5-58 d were needed, respectively. No correlation was observed between blood and urinary levels in vitamin B2.
Vitamin B6
Alterations of plasma PLP and urinary excretion of vitamin B6 metabolite 4-PIC during the experiments are shown in Fig. 3 . Plasma PLP and urinary 4-PIC slightly increased in female subjects but not in male subjects. (Tables 1 and 2 ). CV BS in plasma PLP was high in both male and female subjects, and that in urinary 4-PIC was relatively high in male and low in female subjects (CVBSϭ26.5 and 9.0%, respectively). To estimate the true blood and urine levels within an error of 10%, 6-10 and 6-16 d were needed, respectively. No correlation was observed between plasma and urinary levels in vitamin B6.
Fig. 2. Alterations of blood vitamin B2 level in male (A) and female subjects (B), and of urinary riboflavin in male (C) and female subjects (D). Each value is expressed as the meanϮSD (nϭ10).
A different superscript letter means significant difference at pϽ0.05. 
Vitamin B 12
Alterations of serum and urinary vitamin B 12 during the experiments are shown in Fig. 4 . Serum and urinary vitamin B12 did not change during the experiments. CVWS in serum and urinary vitamin B12 levels was approximately 30-50% but not in serum vitamin B 12 levels of male subjects (Tables 1 and 2 ). CV BS in serum vitamin B 12 was ~25%, and that in urinary vitamin B12 was high, ~50%. To estimate the true blood and urine levels within an error of 10%, 1-49 and 22- subjects, respectively, showing invariability (Tables 1  and 2 ). These values in urinary excretion of nicotinamide metabolites were ~20%. CV BS in blood nicotinamide was low, ~15%, and that in urinary nicotinamide metabolites was high, ~50%. To estimate the true blood and urine levels within an error of 10%, 3-8 and 16-18 d were needed, respectively. No correlation was observed between blood nicotinamide and urinary nicotinamide metabolites. 
Pantothenic acid
Alterations of blood and urinary pantothenic acid during the experiments are shown in Fig. 6 . Urinary pantothenic acid content in female subjects increased at day 2, and then came to the definite value during the experiments. Urinary pantothenic acid in male and blood pantothenic acid did not change. CVWS in blood and urinary pantothenic acid levels was ~15%, showing invariability. CVBS was low in blood pantothenic acid, and was high in urinary pantothenic acid. To estimate the true blood and urine levels within an error of 10%, 8-9 and 9-11 d were needed, respectively. No correlation was observed between blood and urinary pantothenic acid levels.
Folate
Alterations of serum and urinary folate are shown in Fig. 7 . Urinary folate content in female subjects increased, while urinary content in males and blood folate did not change during the experiments. CVWS in serum folate was relatively invariable in male subjects (CVWSϭ15.3%), and relatively variable in female subjects (CV WSϭ28.6%, Tables 1 and 2) . These values in urinary excretion of folate were relatively invariable. CVBS was high in serum folate, and was low in urinary folate. To estimate the true blood and urine levels within an error of 10%, 10-32 and 3-9 d were needed, respectively. No correlation was observed between blood and urinary folate levels.
Biotin
Alterations of serum and urinary biotin are shown in Fig. 8 . Urinary biotin content in female subjects increased, while urinary biotin in male and blood biotin did not change during the experiments. CVWS in serum biotin was ~5% showing invariability, whereas that value in urinary excretion of biotin was 15-20%. CVBS in serum biotin was very low, and that value in urinary biotin was high, ~30%. To estimate the true blood and urine levels within an error of 10%, 1-2 and 10-18 d were needed, respectively. No correlation was observed between blood and urinary biotin levels.
Vitamin C
Alterations of plasma and urinary ascorbic acid are shown in Fig. 9 . Unfortunately, the amount of blood samples was not enough for repeated measurement, and plasma ascorbic acid level in female subjects obtained on day 1 could not be determined. Furthermore, the feeding of the test diet for 3 d was not enough to come to the definite value for plasma ascorbic acid levels in female subjects, and the intra-individual variations of plasma ascorbic acid reflected adaptation to the test diet in female subjects. Taking 100 mg of ascorbic acid increased plasma ascorbic acid levels in both male and female subjects, and urinary excretion of ascorbic acid in female subjects but not in male subjects. CVWS in plasma ascorbic acid was invariable in male subjects, but not in female subjects. That value in urinary ascorbic acid was variable both in male and female subjects. CVBS in plasma ascorbic acid was ~20%, and these values in urinary ascorbic acid were ~45%. To estimate the true blood and urine levels within an error of 10%, 13-465 and 29-70 d were needed, respectively. No correlation was observed between blood and urinary ascorbic acid levels.
DISCUSSION
In this 7-d study of 10 male and 10 female subjects consuming a semi-purified diet with a vitamin mixture based on RDA, blood and 24-h urine samples were periodically collected from the subjects during the study. Some blood and urinary vitamin levels increased or decreased from the first day to the third or fifth day, and then showed stable values. These results showed that the feeding of the test diet for 3 to 5 d was enough to adapt to vitamin mixtures for blood and urinary vitamin levels. Therefore, the intra-individual variations of blood water-soluble vitamins were determined using blood samples at day 5 and 8 in male, and day 3 and 8 in female subjects (Table 1) . Those variations of urinary levels were also determined using urine samples from day 5 to 7 ( Table 2 ). Determination of CVWS showed that all blood water-soluble vitamin levels were invariable in male subjects, whereas serum vitamin B 12 and serum folate levels were variable in female subjects. CVWS in urinary vitamin B12 and ascorbic acid were more than 20% in both male and female subjects, and those values in other urinary vitamins were relatively invariable in at least either male or female subjects. These results suggest that oral administration of a constant amount of water-soluble vitamins generally decreased intra-individual variations. We also determined the number of sample collections required to estimate the true values, and the results showed that the collection of urine samples for 1-5 d was enough to estimate those values within 20% of the true mean for most water-soluble vitamins.
In the present study, the inter-individual variations of blood water-soluble vitamins were also determined using blood samples at day 5 and 8 in males, and day 3 and 8 in female subjects. CV BS in plasma PLP, serum vitamin B12 and serum folate was more than 20% in both male and female subjects, and those in other blood vitamins was less than 20%. On the other hand, CVBS in most urinary vitamins except for vitamin B6 metabolite and folate was 20-50% in both male and female subjects. Although the intra-individual variation was invariable in most blood and urine water-soluble vitamins, the inter-individual variation in urinary vitamins was generally higher than that in blood vitamins.
In the present study, CVWS in most urinary water-soluble vitamins was approximately 10-30%, and CVBS was more than 30%. To our knowledge, there is only a single report to assess CVWS and CVBS in urinary excretion of water-soluble vitamins (20 (20) . In the present study, CVWS in urinary thiamin obtained was lower than the reported value. Taking same amount of vitamin B1 for 7 consecutive days might cause small changes in individuals. CVBS of male subjects was lower, but that of female subjects was higher than the reported value. Some female subjects showed a very high or low urinary excretion rate throughout the experiment, and these wide differences between individuals caused high between-subject variability in females. A similar phenomenon was observed in urinary excretion of other water-soluble vitamins. Tasevska et al. also investigated the inter-individual variations in percentage urinary recovery of thiamin, and their high variability implies that urinary thiamin can be used as a concentration biomarker rather than recovery and predictive biomarkers (20) . The former biomarker can be used as a tool for ranking individuals according to dietary exposure, and the latter two can quantitatively reflect the balance between intake and output or predict dietary intake. Since the subjects took exactly the same amount of water-soluble vitamins for 7 consecutive days in the present study, the inter-individual variations in urinary recovery of each vitamin could not be determined. Further study will be needed to determine which type of dietary biomarker the urinary vitamins can be used as.
In the present study, intake of 100 mg/d of ascorbic acid increased plasma ascorbic acid levels in both male and female subjects, and urinary excretion of ascorbic acid in female subjects. The effect of oral vitamin C intakes on ascorbic acid levels in plasma and urine were precisely investigated (21, 22) . The relationship between daily vitamin C intake and plasma ascorbic acid levels displays sigmoid kinetics, and the steep portion of the curve is observed between 30 and 100 mg of vitamin C intake (21, 22) . Plasma ascorbic acid levels at the end of the experiment were 62.0Ϯ10.2 and 66.9Ϯ14.6 nmol/mL in male and female subjects, respectively, in the present study, and these values were consistent with the reported values of approximately 60 nmol/mL in healthy volunteers taking 100 mg of ascorbic acid daily (21, 22) . In the present study, plasma ascorbic acid levels were 29.9Ϯ6.6 and 28.0Ϯ10.0 nmol/mL in male subjects at the start of the experiment and in female subjects on the 3rd day of the experiment, respectively. When these values were put to the steep portion of the curve previously reported, estimated vitamin C intake might be 50-60 mg/d prior to the experiment in the subjects. Mean dietary vitamin C intake in Japanese women college students is 73Ϯ38 mg/d (23). Although we did not survey vitamin C intakes of the subjects in the few days prior to the experiment, the subjects might have taken less than 100 mg/ d of vitamin C prior to the experiment, and intake of 100 mg/d of vitamin C might have improved their values. Since higher vitamin C intake also increases urinary excretion of ascorbic acid (20, 21, 24) , increase of urinary ascorbic acid during the experiment in female subjects might have been due to higher vitamin C intake during the experiment than in the previous days.
Methylenetetrahydrofolate reductase (MTHFR) is an important enzyme in folate metabolism that catalyzes the conversion of 5,10-methylenetetrahydrofolate to 5-methylenetetrahydrofolate. A base change from C to T at nucleotide position 677 of the MTHFR gene results in coding for valine (GTC) rather than alanine (GCC), and this single nucleotide polymorphism is associated with lower plasma folate concentrations and elevated plasma homocysteine concentrations (25, 26) . The prevalence rate of this homozygous mutant among Japanese women was ~20%, and their serum folate levels were lower than in individuals with CC and CT alleles (27, 28) . In the present study, CVBS in serum folate level was relatively high, 31.7 and 25.8% in male and female subjects, respectively, and these values were higher than CVBS in urinary excretion of folate. Since we did not determine genotype for MTHFR in the subjects, whether nucleotide polymorphism might cause this high CVBS in serum folate level or not is unclear.
Vitamin B6 status such as plasma PLP and urinary 4-PIC, and its relationship with dietary intake in free-living healthy subjects has been reported (29) . Both plasma PLP and urinary 4-PIC highly correlate to vitamin B6 intake, and plasma PLP also correlates to urinary 4-PIC (29) . In the present study, no correlation was observed between blood and urinary water-soluble vitamin levels. The differences between the reported study and the present study were that the subjects took their diet freely in the reported study, and took exactly the same diet for 7 consecutive days in the present study. CV values in vitamin B 6 intake, plasma PLP and urinary 4-PIC were 30-40% in the previous study, and those in plasma PLP and urinary 4-PIC were 10-20% in the present study. Widely ranging values are generally needed to observe significant correlation. However in the present study, the blood and urinary water-soluble vitamin levels converged within a narrow range because of the oral administration of a constant amount of pyridoxine hydrochloride, and these restrictions might fail to show relationships between these indicators.
In conclusion, our human study showed how blood and urinary water-soluble vitamins varied even when the subjects were orally administered a constant amount of water-soluble vitamin for 7 consecutive days. All blood vitamins and most urinary vitamins showed small CVWS in at least either male or female. CVBS in blood vitamins was smaller than that in urinary vitamins except for folate. These high CVBS in urinary vitamins was due to a small number of subjects showing a different urinary excretion rate from other subjects. Recent validation studies have developed urinary compounds such as urinary nitrogen (30) , potassium (31) and sugars (32) as nutritional biomarkers for evaluating nutritional status. In future, it is important to determine which urinary water-soluble vitamins can be used as dietary biomarkers of such types such as recovery, predictive and concentration biomarkers in order to validate dietary assessment, quantitatively measure or predict vitamin intake in groups and individuals, or rank individuals to assess their vitamin status.
